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ABSTRACT 

We present one of the most ultraviolet (UV) luminous Lyman Break Galaxies (LBGs) (J1432+3358) 
at z = 2.78, discovered in the NOAO Deep Wide-Field Survey (NDWFS) Bootes field. The i?-band 
magnitude of J1432+3358 is 22.29 AB, more than two magnitudes brighter than typical L* LBGs at 
this redshift. The deep z-band image reveals two components of J1432+3358 separated by l."0 with 
flux ratio of 3:1. The high signal-to- noise ratio (S/N) rest-frame UV spectrum shows Lya emission 
line and interstellar medium absorption lines. The absence of N V and C IV emission lines, the non- 
detection in X-ray and radio wavelengths and mid-infrared (MIR) colors indicate no or weak active 
galactic nuclei (AGN) (< 10%) in this galaxy. The galaxy shows broader line profile with the full width 
half maximum (FWHM) of about 1000 km s^ 1 and larger outflow velocity (w 500 km s^ 1 ) than those 
of typical z ~ 3 LBGs. The physical properties are derived by fitting the spectral energy distribution 
(SED) with stellar synthesis models. The dust extinction, E{B — V) = 0.12, is similar to that in 
normal LBGs. The star formation rates (SFRs) derived from the SED fitting and the dust-corrected 
UV flux are consistent with each other, ^300 M© yr _1 , and the stellar mass is (1.3 ± 0.3) x 10 11 M Q . 
The SFR and stellar mass in J1432+3358 are about an order of magnitude higher than those in normal 
LBGs. The SED-fitting results support that J1432+3358 has a continuous star formation history with 
the star formation episode of 6.3 x 10 8 yr. The morphology of J1432+3358 and its physical properties 
suggest that J1432+3358 is in an early phase of 3:1 merger process. The unique properties and the 
low space number density (~10 -7 Mpc -3 ) are consistent with the interpretation that such galaxies 
are either found in a short unobscured phase of the star formation or that small fraction of intensive 
star-forming galaxies are unobscured. 

Subject headings: galaxies: high-redshift — galaxies: individual (J1432+3358) — galaxies: star for- 
mation 
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1. INTRODUCTION 

Over the last decade, the dropout method (the Lyman 
break technique), which uses the fact that little flux is 
emitted bluewards of the Lyman limit (912 A), has been 
fundamental i n searching for hig h-redshift star-forming 
galaxies (e.g.. iSteidel et al1 Fl996). Spectroscopic follow- 
up observatio ns show that the e f ficienc y of this method 
is high (e.g.. ISteidel et all 120031 120041 ). Large samples 
of Lyman Break Galaxies (LBGs) from z ~ 2 up to 
z ~ 1 have been established (e.g.. iBouwens et aLll2008l 
2011). These samples of LBGs provide crucial informa- 
tion on determinin g the cosmic star form ation history 
(e.g.. IMadau et al.lll99l Hilly et al.l [19961: ICowie et al.1 
1996), mapping the growth of large scale struc t ures (e.g., 
Adelberger et all 11993 IGiavalisco et all 119981 ILee et al.l 
20061 12009H . and studying the properties of dark matter 
halos hosting the LBGs. 

Optical and near-infrared (NIR) photometric and spec- 
troscopic observations of these galaxies reveal the proper- 
ties of the UV-selected galaxies at z ~ 2 — 3. The median 
stella r mass of the z ~ 3 LBGs is about 2.4 x 10 10 M Q 
(e.g.. iShaplev et aT1l2001l) . and the mean star formation 
rate (SFR) derived from t he Ha and UV l uminosity is 
about 30 M yr" 1 (e.g.. lErb etUl I2006bl) . The me- 
dian dust extinctio n (E(B — V)) is around 0.15 (e.g., 
iShaplev et aTll200lD . The z ~ 2 -3 LBGs show compact 
morphologies (half-light radii, r R < 0."5) in Hu bble space 
telescope (HST) images (e.g.. lGiavalisco[|1998l ). 

However, most of optical/NIR surveys for high-redshift 
galaxies are deep field surveys with survey area less than 
1 deg 2 . So far, the largest z ~ 2 - 3 LBGs survey 
with spectroscopic redshifts only covers a total area of 
aroun d one deg 2 with > 2000 spectroscopic r edshifts 
(e.g., ISteidel et alJ [20031 : IReddv fc SteTdel I2009T) . Due 
to the small survey volume, combined with the rapid 
decline of galaxy luminosity function at the bright end, 
these surveys are not suited to reveal the most luminous 
and most massive systems; previous studies have been 
focusing on the LBGs with luminosity of L* or sub-L* 
(r > 24.5). A sample of bright LBGs was discovered in 
Sloan Digital Sky Survey (SDSS), however, HST follow- 
up observations show that these galaxies are unresolved 
point sources indicati ng that these obj ects are quasars 
rather than galaxies (jBentz et al.l [200 8) . To date only 
one unlensed LBG at z ~ 3 with i?-band magnitud e 
brighter than 22.5 has been found ([Cooke et al.l [2008). 
The nature and properties of this type of galaxy are still 
unknown, so it is important to build up a sample of these 
UV ultra-luminous galaxies and preform detailed follow- 
up observations on them. 

Finding UV ultra-luminous z ~ 2 — 3 galaxies requires 
wide-field surveys with deep, multi-color broad band im- 
ages. In this paper, we report a UV ultra-luminous LBG, 
J1432+3358, with R AB = 22.29 at z = 2.78 discovered 
in the NOAO Deep Wide Field Survey (NDWFS) Bootes 
field. Through this paper, w e adopt fl m = 0-3, H a = 0.7, 
and H = 70 km s" 1 Mpc" 1 (ISoergel et al.ll2007h . All the 
magnitudes are AB magnitudes. 

2. OBSERVATIONS 

In 2008 and 2009, we carried out deep U- and F-band 
imaging of the 9 deg 2 NOAO Deep Wide-Fi eld Survey 
(NDWFS) Bootes Field (|Jannuzi fc Devl[l999l ). Our sur- 



yey used the 2 x 8.4 m Large Binocular Telescope (LBT) 
(|Hill et al.ll2010D equipped with two prime focu s Large 
Binocular Cameras (LBC. iGiallongo et al.l [20081) . This 
new LBT survey builds on the available unique multi- 
wavelength data of the NDWFS Bootes field and fills in 
two critical wavelength gaps at 3500 A and 1/zm with 
the U and Y bands. The deep t/-band images (25.2 AB 
magnitude with 5a detection), together with the exist- 
ing £?w- and i?-band images taken with the Mosaic CCD 
camera on Kitt Peak 4 m Mayall telescope, allow us to 
search for the star-forming galaxies at z ~ 3 using the 
U-dropout technique, and total 15,000 LBG candidates 
are selected based on the U — -Bw and -Bw — R color-color 
diagram, with the selection criterion being 

U - B w > 1.0, 
B w -R< 1.9, 
B W -R<U -B w - 0.1, 

i?<25.0. (1) 

The typical image quality in the i?-band is 1" and thus 
can not resolve typical LBGs. Nevertheless, the large 
survey area allows us to select and study the most UV 
luminous LBGs at z ~ 3 with R < 22.5 (L > 7L* at 
z ~ 3). 

Spectroscopic follow-up observations of 12 of bright 
LBG candidates were obtained using the blue channel 
spectrograph on 6.5 m Multiple Mirror Telescope (MMT) 
on 2010 April 15. Typically 20-40 minutes exposures 
were taken for each candidate. The wavelength cov- 
erage is 4000-7500 A. One out of 12 candidates was 
confirmed as a UV ultra-luminous LBG (J1432+3358) 
at z = 2.78, and the coordinates of this galaxy are 
R.A.=14 h 32 m 21 s .84 and Decl.=33°58'18".2, J2000. The 
remaining eleven candidates are all quasars in the red- 
shift range of 2 < z < 3. All these quasars show broad 
Lya, N V, and C IV emission lines and they are all point 
sources. 

A high signal-to-noise ratio (S/N) spectrum of 
J1432+3358 was obtained with the 8.2 m Gemini-N tele- 
scope and GMOS instrument on 2011 March 9 and 10 
(Program ID: GN-2011-C-5). The sky was clear and the 
resulting image quality was 0."6 — 0."7. The total expo- 
sure time was 4 hr and was divided into eight 30-min 
individual exposures. The slit width was 1". The B600- 
G5307 grating was used, and two central wavelengths of 
5200 A and 5300 A were used to fill the gaps between 
different CCD chips. The wavelength coverage was from 
4000 A to 6500 A, and the spectral resolution (R = X/SX) 
is 850. The airmass of the object during the observing 
was about 1.05, thus we did not use the parallactic an- 
gle. The slit oriented in P.A.=-60 degrees (300 degrees), 
which was roughly along the galaxy extended direction 
(Figure 1). The spectrophotometric standard G191-B2B 
was observed for flux calibration, and a CuAr arc lamp 
was used for wavelength calibration. The spectra were re- 
duced and calibrated using standard Gemini IRAF pack- 
age. The final spectrum has been smoothed by 4 A. The 
S/N per spectral element (~ 4 A) is 8-10. 

MIR photometry of J1432+33 58 was obtained by the 
Spitzer Deep Wide-Field Survey (|Ashbv et al.l 120091 ) . In 
addition, iJ-band image with one hour exposure was ob- 
tained using the SWIRC on 6.5 m MMT on 2012 Janu- 
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rary 5. We also got deep z-band image from the Subaru 
Bootes field survey (BootesZ Survey) (Y. Lin et al. 20f 2, 
in preparation) . The image quality of the z-band image 
is 0."5. The total mag nitudes of J 1432+3358 are mea- 
sured with SExtractor ([Bertin fc Arnoutslll996| ) , and are 
listed in table Q] 

3. RESULTS 

3.1. Lensed or Unlensed? 

In the last decade, a sample of bright lensed high- 
redshift galaxies has been established th rough system- 
atic s e arches towards gala xy clusters (e.g. iMehlert et al.l 
120011: iSand et al.l I2005D and red galaxies in the 
SPSS images (e.g ISmail et all 120071 : lAllam et al.l [20071 : 
iDiehl et al.l 120091: iLin et al.1 12009ft It is crucial to de- 
termine whether J1432+3358 is lensed or not. Studies 
suggest that the total fraction of high-red shift galaxies 
and quasars that are len sed is small (e.g., iTurner et al.l 
[1981 Uain fc Limal l201l|) . but the lensing contribution 
becom es larger with increasing brightness. Uain fc Limal 
(|2011l ) find that the lensing contribution becomes signif- 
icant when L > 10 L*, and about 1 /3-1/2 of the LBGs 
with L = 7L* are lensed galaxies ()van der Burg et all 
[20101) . 

The structure of J1432+3358 is well resolved by the 
ground-based imaging observations. The broad band 
U-, -B\v-, I-, z- an d V-band images (Figure [T]) 
of J1432+3358 show extended morphology. The deep 
multi-band images show that there is no foreground lens- 
ing galaxy and the morphology of the galaxy is also con- 
sistent with being unlensed. Especially, in the deep Sub- 
aru z-band image with image quality of 0."5, J1432+3356 
is revolved into two components, and separation of these 
two parts is by l."0 (7.8 kpc). These two components 
do not show stretched arc structures at the resolution of 
the image. Furthermore, the central wavelengths of Lya 
emission from these two components have a small offset 
(237 ± 23 km s _1 ) and the Lya flux ratio of these two 
components is not consistent with the continuum flux ra- 
tio of these two components (see detail in section 3.3). 
Meanwhile, the spectrum of J1432+3358 does not show 
any other redshift systems that could be from the lensing 
galaxy. Therefore, we conclude that J1432+3358 is not 
a lensed galaxy. 

3.2. Morphology 

The deep z-band image reve als two compone nts in 
J1432+3358. We use GALFIT ([Peng et al.ll200l to fit 
the light distribution of these two components with ei- 
ther exponential disk or DeVaucouleurs profiles. We find 
that the DeVaucouleurs profile is better to fit the brighter 
component and the exponential disk is better to fit the 
fainter component. The effective radius are 0."26 ± 0."03 
and 0."21±0."03, respectively, which correspond to about 
2.0 kpc in physical size. This siz e is comparable to th e 
typical size of LBGs at z ~ 3 fe.g. iFerguson et al.ll200l . 
The distance between these two components is about 
l'.'O, which is about 7.8 kpc. The brightness ratio be- 
tween these two components in J1432+3358 is 3 to 1. 
Assuming a simple relation between luminosity and stel- 
lar mass, the mass ratio of the two components is also 3 
to 1 implying that it is a 3:1 merger. These two compo- 
nents are barely resolved by the z-band image. Further 



high resolution HST follow-up imaging observations will 
help us to fit the systems more accurately and to reveal 
more detailed structure of this galaxy. 

The morphology of J1432+3358 in Bw-band image 
and that in R- and /-band images look different (fig- 
ure 1). To characterize the morphology in these bands, 
we use GALFIT to model the galaxy light distribution 
in the -Bw~, R-, and /-ban d images of J1432+3358. The 
Sersic profile (|Sersidll9~63T ) is used to fit the light profile 
of J1432+3358. The GALFIT fitting results are listed in 
tableffl The R- and /-band morphologies of J1432+3358 
can be well fit by a disk-like profile with Sersic index 
n ~ 1.3, while the Sersic index is about 3.10 for the mor- 
phology in Z?-yy-band image, which is much larger than 
that in R- and /-band images (Table 1). Furthermore, 
the galaxy light distribution in Bw-band image can not 
be well fitted by a single Sersic profile component, with 
reduced chi-square of 1.310. The Z?w~band morphology 
is round rather than elongated. The strong Lya emission 
line lies within the Z?w filter at the redshift of 2.78. We 
therefore interpret the diffuse Z?w morphology as being 
likely due to a diffu se Lya halo around J1432+3358 (c.f., 
iSteidel et al.ll20lT[ ). The Lya photons from the central 
galaxy are scattered by the neutral hydrogen gas in the 
galaxys circum-galactic medium (CGM) and form the 
diffuse Lya halo. We do not carry out the fitting on U- 
and Y- band images, because their S/N is too low. 

3.3. Spectroscopy 

Figure [2] shows the high S /N rest-frame UV spectrum 
of J1432+3358 taken using Gemini GMOS-N. The spec- 
trum covers the rest-frame wavelength from 1100-1700 A, 
and shows the strong Lya emission line and a few absorp- 
tion features from the interstellar medium (ISM) (e.g., 
Si II, O I, Si IV, and C IV). In the spectrum, there is no 
prominent N V 1240 emission line detected at the level of 
equivalent width of 2 A (la level) corresponding to rest- 
frame equivalent width (EWo) of 0.5 A, which is much 
smaller than the EW n of 18 ± 10 A mea sured in a sam- 
ple of bright quasars (jForster et al.l[200ll ). Similarly, the 
C IV 1548, 1551 doublet line shows an absorption rather 
than emission feature. 

J1432+3358 is not detected at the X-ray ener- 
gies (0.5-7.0 keV) with 30 ks Chandr a observation 
(P.I Murray Obs ID 13134) (also see, iMurrav et all 
2005). The flux limit of the X-ray data is about 
4 x 10~ 16 erg cm~ 2 s — 1 . By assuming the X-ray spec- 
trum as a common AG N power-law spectr um with pho- 
ton index T = 1.7 (e.g.. lKenter et al]l2005l h the Galactic 
neut ral hydrogen column dens ity Nh = 1 X 10 20 cm" 2 
(e.g.. lDickev fc Lockmanl[l990| ). an d the X-ray-to-o ptical 
power-law slope a ox = —1.45 (e.g.. Uust et al.ll2007l ). we 
find that less than 10% of the optical radiation could be 
from the AGN. J 1432+3358 is not de tected at 20cm in 
radio wavelength (|de Vries et al.|[2~002h . with la sensitiv- 
ity limit of 28/iJy corresponding to a specific luminosity 
of 4.7 x 10 30 erg s _1 Hz -1 . This radio limit can not put a 
good constraint on the AGN activity in J1432+3358 by 
adopting the relation between optical and r adio luminos- 
ity d erived from the SDSS quasar sample (|White et al.l 
2007). The rest-frame NIR excess does not show in the 
Spitzer bands, which suggests absence of hot dust and ob- 
scured AGN. The IRAC [3.6]-[4.5] and [5.8]-[8.0] colors 
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Fig. 1. — The U-, Bw-, R-, I-, Z-, and y-band images of J1432+3358. A contour plot is also shown in £?w- an d i?-band images. The 
yellow filled circles represent the size of point spread functions (PSF) in each image. The typical image qualities for U-, R-, I-, z-, 

and y-band images are l."0, l."3, l."2, l."2, 0."5 and 0."6, respectively. The slit position and orientation are also shown in i?-band image. 



TABLE 1 

Magnitude and morphological properties of J1432+3358. 



Filter 


Magnitude 51 


r b 


n c 


b/a d 


e c 


xV 


u 


24.35 ±0.13 












Bw 


23.26 ±0.02 


0.73 ±0.20 


3.10 ±0.77 


0.49 ± 0.05 


-73.17 ±3.75 


1.310 


R 


22.29 ±0.03 


0.89 ± 0.04 


1.23 ±0.27 


0.45 ± 0.04 


-63.81 ±2.84 


1.078 


I 


22.20 ± 0.03 


0.82 ± 0.05 


1.37 ±0.37 


0.38 ± 0.05 


-55.04 ±3.05 


1.104 


z 


22.13 ±0.03 












z(a)s 


22.62 ± 0.04 1 


0.26 ± 0.03 


4 


0.69 ± 0.08 


14.04 ± 13.21 


1.168 




23.71 ±0.07' 


0.21 ± 0.03 


1 


0.67 ±0.14 


82.43 ± 19.12 


1.168 


Y 


22.19 ±0.09 












H 


21.54 ±0.36 












IRAC1 


20.88 ±0.06 












IRAC2 


20.66 ±0.07 












IRAC3 


20.69 ±0.37 












IRAC4 


20.42 ±0.33 













a Total AB magnitude from SExtractror. 

b Effective radius (") from the GALFIT fitting. 

c Sersic index from the GALFIT fitting. 

d The ratio of minor axis (b) and major axis (a) from the GALFIT fitting. 
e The position angle from the GALFIT fitting. 
f Thc reduced chi-square from the GALFIT fitting. 

g The GALFIT fitting results of the brighter components in z-band image. 
h The GALFIT fitting results of the fainter components in z-band image. 
'The magnitude is from the GALFIT fitting. 



TABLE 2 

LYa emission and strong interstellar absorption lines. 



line 


^rcst 


"^obs 


EW 


FWHM 


redshift 


Av b 




A 


A 


A 


km s — 1 




km s — 1 


Lya L 


1215.08 


4592.99 ± 0.59 


34.97 ±2.74 


1431 ± 81 


2.780 ±0.000 


392 ± 38 


Lya(a) d 


1215.08 


4597.418 


27.46 ± 2.59 


852 ± 56 


2.784 


680 


Lya(6) c 


1215.08 


4582. 52S 


9.86 ± 1.38 


1073 ± 151 


2.771 


-291 


Ly«(c) f 


1215.08 


4601.05 ± 0.36 


4.5 ± 1.5 


200 ± 25 


2.787 


923 ± 25 


Si II 


1259.83 


4752.42 ± 1.83 


-1.89 ±0.52 


1004 ± 288 


2.772 ± 0.001 


-222 ± 115 


O I 


1302.69 


4912.05 ±4.33 


-2.65 ±0.89 


2031 ± 643 


2.771 ±0.003 


-346 ± 264 


Si IV 


1393.18 


5274.68 ± 2.00 


-2.11 ±0.50 


1041 ± 259 


2.786 ±0.001 


872 ± 113 


CIV 


1548.91 


5825.82 ± 2.41 


-4.04 ±0.83 


1901 ± 384 


2.761 ±0.002 


-1101 ± 123 



a Air wavelengths. 

b The line velocity relative to the systemic redshift. The negative (positive) values correspond to blueshift (redshift). 
c The whole Lya emission. 

d The primary peak of the Lya emission corresponding to the 'a' component in Figure 2. 
e The secondary peak of the Lya emission corresponding to the 'b' component in Figure 2. 

f The Lya emission from the faint component corresponding to the 'c' component in Figure 2. The information of this component is 
derived from Extractor measurement and Gaussian fitting in the 2D spectra image. 

g To deblend the two peaks of the Lya emission line, the central wavelength values are set to the peak values of these two lines and fixed 
during the fitting. 



6 



F. Bian et al. 



„ = = _ = = >>>= > > 

j in iiiozuo iTiukj wo < 

4s|o0\| \'^|q60\/ I 55oj) | 6000 





Vv 











1200 1400 1600 

rest-frame wavelength A 



Fig. 2.— The rest-frame UV spectrum of J1432+3358 in the 
wavelength range 1100-1700 A(the thin black solid curve). For 
comparison, the composite spectrum of a s ample of z ~ 3 LBG s 
is also shown with a red thick solid curve (Shaplcv ct al. 2003). 
The top x-axis represents the observed-frame wavelength. Both 
spectra are scaled by the peak value of the Lya emission line, and 
the composite spectrum is shifted by +0.1 in flux density direction 
for clarity. 








1210 1220 1230 

Fig. 3. — The 2D spectrum (top panel) and the ID spectrum (top 
panel) of the Lya emission line. There are 3 significant components 
resolved in 2D spectrum image. The components of 'a' and 'b' cor- 
respond to the redshifted stronger peak and the blueshifted weaker 
peak, respectively. The component of 'c' corresponds to the Lyc? 
emission from the fainter component which was resolved in 2-band 
image. The central wavelength difference between components 'a' 
and 'c' is about 3.6 A. 

are located out of the AGN selection area in MIR color- 
color space (e.g. lLacv et"al1[200l[Stern et alj|2005h . The 
rest-frame UV spectrum, the non-detection in X-ray and 
radio bands and MIR colors imply that there is no or only 
weak AGN (< 10%) in J1432+3358, therefore, we sug- 
gest that the UV emission is dominated by the emission 
from massive stars rather than a central AGN. 

The properties of the well detected (S/N> 3) lines in 
the rest-frame UV spectrum are listed in table [2] Be- 
cause the observed wavelength of Lya emission and ISM 
absorption lines are affected by galactic-scale outflows, 
the redshifts from t hese lines do not repre sent the sys- 
temic redshift (e.g.. lAdelberger et al J 120051) . Typically, 
the systemic redshift can be derived from absorption 
lines that are clearly associated with photospheric fea- 
tures (e.g., S V 1502, C III 1176, O VI 1343, etc) (e.g., 
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Fig. 4. — The spectra around the absorption lines (the back 
curves in histogram mode) and best-fit Gaussian models (the red 
curves). The flux is scaled by the continuum flux. 

IDev et al.l Il99l IShaplev et aLI 120031) . but we can not 
identify these lines from t he spectrum at current S/N 
level. Therefore, we follow lAdelberger "eTaLl (I2005I) . m 
which they calibrate the redshifts of the Lya and ISM 
absorption lines with the Ha nebula r line in a sam- 
ple o f z <~ 2 — 3 LBGs (see details in lAdelberger et al.l 
I2005D . The scattering of this relation is less than 0.0015. 
Here the systemic redshift of J1432+3358 is estimated 
from the L ya and absorption l ines using the equations 
1 and 2 in iSteidel et all (|2010l) . which are 2.7745 and 
2.7755, respectively. This result is also consistent with 
th e systemic redshi ft calc ulated using the equation 3 
in lAdelberger et al.l (|2005l ). The systemic redshift of 
2.775±0.001 is adopted for further analysis in this paper. 

The composite spectrum of LBG s at z = 2 — 3 is als o 
shown in Figure [2] for comparison (|Shaplev et all 2003). 
The continuum shape of the spectrum is similar to that 
of LBG composite spectrum, indicating that the dust 
extinction in J1432+3358 is similar to the dust extinction 
in the typical LBGs. This property is also supported by 
the SED fitting results (see details in section |3^|) . 

The prominent Lya emission line is shown in Figures [3] 
and [2] with EWo of 35 A. In Figures [3j the Lya emission 
shows two peaks separated by 970 km s _1 and the full 
width at half maximum (FWHM) of the Lya emission 
line is ~ 1500 km s -1 , which is much larger than the 
FWHM(Lyq) = 450 ± 150 km s " 1 typically found in 
z ~ 3 LBGs (|Shaplev et al J 120031) . The secondary peak 
is real rather than noise, because the double-hump profile 
is exhibited in the individual spectra of the eight individ- 
ual 30-min exposures. Two Gaussian profiles are used to 
deblend the Lya emission lines. The FWHMs of the two 
Lya components are ~ 1000 km s _1 . Like most of the 
LBG s with multiply-peaked Lya emission ([Kulas et al.l 
2012), J1432+3358 shows stronger redshifted Lya emis- 
sion than blueshifted. The separation of the two Lya 
peaks is ~ 1000 km s -1 , which is compa rable to the 
separ ation in other multiple-peaked LBGs ([Kulas et al.l 
l2012f) . Such a L ya line profile is observ ed in the expan- 
sion shell model (Vcrhammc ct al. 2006), which predicts 
that a primary Lya peak is redshifted by approximately 
two times the expansion velocity and another blueshifted 
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Fig. 5. — The best-fit stellar synthesis model (solid curve) 
and photometric data points from [/-band to IRAC4-band (red 
squares). 



Lya emission is located around the expansion velocity. 

In the 2-dimensional (2D) spectral image of the Lya 
emission (Figure [3]), there are three significant compo- 
nents of Lya emission detected. The 'a' and 'b' compo- 
nents which are resolved in the wavelength direction cor- 
respond to the double-peak feature in the 1-dimensional 
(ID) spectrum. The 'c' component resolved in the slit 
(spatial) direction is the Lya emission from the fainter 
component detected in the z-band image. To determine 
the wavelength of 'c' component, SExtractor and GAL- 
FIT are used to obtain the centroid and GAUSSIAN fit- 
ting central positions of 'a' and 'c' components. The 
offsets of the central wavelength between 'a' and 'c' com- 
ponents are 3.90 A and 3.25 A from the measurements 
with above two methods, respectively. We adopt the 
3.64 ± 0.36 as the offset of the central wavelength be- 
tween 'a' and 'c' components, which corresponds to a 
velocity difference of 237 ± 23 km s _1 . The Lya flux 
ratio between the components 'a' and 'c' is about 7:1 
from the SExtractor measurement, which is higher than 
the continuum flux ratio between these two components. 
The velocity offset and the difference in flux ratio of Lya 
and continuum in components of 'a' and 'c' also support 
that J1432+3358 is not a lensed system. 

The spectrum also shows weak absorption lines origi- 
nated from the interstellar median (ISM), which are Si II, 
O I, Si IV, and C IV lines (Figure HJ. The EW of these 
absorption features are a few A, comparable to those in 
typical LBGs. However, the FWHMs of these lines are 
1000 km s _1 or even larger (Table [2]), about two times 
larger than those in typical LBGs. The absorption lines 
show blueshifts with velocities of 200-1000 km s" 1 , which 
can be interpreted by a galactic scale outflow model 
(|Heckman et all 120001: ISteidel et al.ll2010D . The average 
outflows velocity estimated from Si II, O I and C IV ab- 
sorption lines is —556 ± 103 km s _1 . We do not use the 
Si IV 1392 absorption line for the analysis, because the 
meas urements of this lin e is contaminated by the S IV 
1402 ISteidel et ail (|2010D find that average outflow ve- 
locity of LBGs derived from the ISM absorption lines is 
164 ± 16 km s _1 with a wide range distribution from 
to 500 km s 1 , and we find the outflow velocities in 
J1432+3358 are larger than the outflow velocities in most 
(> 98%) of LBGs. . 



3.4. Physical Properties 

An IDL-based code FAST (Fitting an d Assessment of 
Synthetic Templates) ([Kriek et al.ll2009T ) is used to fit the 
broadband (U, B w , R, I, Y, H, IRAC1, IRAC2, IRAC3, 
and IRAC4 ) photometry with stellar population synthe- 
sis models (jBruzual fc Chariot! 12003. BC03) and to de- 
rive the physical properties of J1432+3358. First, we use 
an exponential star formation rate (SFRoc exp ( — t R f /r)) 
with a Salpeter initial mass function (IMF) (jSalpeterl 
119551) and solar metal licity. We adopt the dust extinc- 
tion law proposed by iCalzetti et al.l (|2000f ) and the in- 
tergal actic medium (IGM) absorption model in iMadaul 
(1995). From the SED fitting, we place constraints on 
the exponential star formation time scale, log(r(yr)) = 

lO.OOti gg- The lar S e r value indicates that the SFR de- 
clines slowly, suggesting that J1432+3358 has continuous 
constant star formation history. Therefore, we adopt a 
constant star formation history model for further anal- 
ysis. In Figure we show the best-fit spectral energy 
distribution overlaid on the optical (U, -Bw, R, and J, 
Y), NIR (H), and MIR (IRAC1 (3.6/xm), 2 (4.5jum), 3 
(5.8^m), 4 (8.0^m)) photometry. From the fitting, we 
find that the galaxy age, log(i s/ (yr)) = 8.8±°-?,, the SFR 
is 280t^ M Q yr" 1 , the dust extinction is E(B - V) = 
0.12±0.02, and the stellar mass is (1.3±0.3) x 10 11 M . 
The SFR derived from the dust-cor rected UV luminosity 
is 310 Mq yr- 1 (K cnmcu ttl ll998aft . which is consistent 
with that derived from the SED fitting. The SFR in 
J1432+3358 thus is one orde r of magnitude high er than 
that in typical z ~ 3 LBGs (jShaplev et al.l 12001ft . The 
SED fitting suggests that the star formation age (t s f) 
is about two times longer than the medi an star forma- 
tion time in typical z ~ 3 LBG sample (jShaplev et al.l 
l200l . This age is also longer than the typical time scale 
of the starburst in sub millimeter galaxies (SM Gs), which 
is about 200 Myr (e.g.. lNaravanan et alJ I^OlOl. The star 
formation history and high stellar mass (about ten times 
higher than t he median stellar m ass in typical z ~ 3 
LBG sample (jShaplev et al.ll200l l in J1432+3358 indi- 
cate that it is a massive system with a long-term intensive 
star formation process rather than a low massive system 
which harbors a star formation burst. However, the phys- 
ical properties derived from SED fitting are not reliable 
due to the weak constraints on the star formation time 
scale (r). The star formation ages t s f have significant de- 
generacies with the r values (see details in lShapley et al.1 
l20Ml27)05l ). which could affect our above conclusion. On 
the other hand, the stellar mass estimation is much more 
reliable, because the rest-frame NIR M/L is reasonably 
constraint by the SED fitting and nearly independent on 
the r values. 

The gas mass can be estimated usin g the global 
Kennicutt-Schmidt law (|Kennicuttlll998b( ): 

/ E \ ' 71 
£ gas = 361x SF f _ 2 M kpc- 2 , (2) 

\1 Mq yr 1 kpc / 

where Ssfr = SFR/Vg and the gas mass, M gas , can be 
derived from S gas x r 2 e , which is 3.7 x 10 10 M Q . The 
fraction of gas in J1432+3358, M gas /(M gas + M stollar ), 
is 0.2. The low gas fraction is consistent with the gas 
fraction in the UV-selected galaxies at the most massive 
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end (|Erb et all l2006aj) and comparable to that in sub- 
millimeter galaxies (jTacconi et al.ll2008f) . 



4. DISCUSSION 

J1432+3358 shows unique properties compared to nor- 
mal LBGs characterized by: (1) a high SFR (about 
300 M Q yr _1 ), (2) a 3:1 merger-like morphology with 
a 1.0" separation of the two components, (3) a high stel- 
lar mass (1.3 x 10 11 M Q ), and (4) a long continuous star 
formation history (630 Myr), which is twice longer than 
median star formation history of LBGs. 

One of the key questions is regarding the nature of UV 
ultra-luminous LBGs. By integrating the UV luminosity 
function (e.g.. iReddv fc Steidell l2009h . we find that the 
space number density of the UV ultra-luminous LBGs 
with L > 7L* is a few 10 -7 Mpc~ 3 in the redshift range 
from 2.7 to 3.3, which corresponds to a spatial number 
density of ~ 0.3 deg -2 . This is consistent with the re- 
sult that there is only one UV ultra-luminous LBG found 
in the 9 deg 2 NDWFS Bootes field within uncertainties. 
The space number density of UV ultra-luminous LBGs 
is about 2-3 orders of magnitude smaller than that of 
typical star-forming galaxies (e.g., LBGs, Bzk galaxies) 
at z ~ 2 - 3 whi ch is about 10~ 4 - 10~ 5 Mpc -3 (e.g., 
IReddv et al J 12005). On the other hand, the space den- 
sity of galaxy with its stellar mass greater than 10 11 M© 
is about 1 0~ 4 Mpc~ 3 based on the stellar mass func- 
tion (e.g., IDrorv et al.l I2005T) . The low space density 
of UV ultra-luminous LBGs can be interpreted by the 
following two different scenarios: the first one is that 
UV ultra-luminous LBGs can only be found in a short 
evolutionary phase for the most intensive star-forming 
galaxies. Though the SED-fitting result shows that the 
star formation time (t s f) in J1432+3358 is 630 Myr, this 
galaxy may only be selected by UV-selection method 
during a short time period, i.e., most of the time the 
galaxy is highly obscured by dust. The other interpre- 
tation is that most of the galaxies that form stars at 
high intensity are dust y and highly obscured, e.g., SMGs 
(iChapman et al.l I2005T) or DOGs (dust -obscured galax- 
ies) (|Dev et al.l 120081: iFiore et al.ll2008[ h and only small 
fraction of galaxies that show high SFR is unobscured by 
dust. 

Another crucial question is whether the extremely high 
SFR in J1432+3358 is triggered by galaxy major merg- 
ers or fueled by rapid accre tion of cold gas from the in- 
tergalactic medium (IGM). iHopkins etaLl (|2008h inves- 
tigate the role of mergers in the evolution of starburst 
and quasars and suggest an evolution track from a 'typ- 
ical' galaxy to a gas-r ich major merger (se e a schematic 
outline in Figure 1 in Hop kins et al.l l2008h . In this sce- 
nario, at the early stage of merger, i.e. their phase (c), 
the two interacting galaxies are within one halo but still 
well separated and ca n be identified as a merger pair 
fe.g.. lLotz et al.ll2004T ). In this stage, the SFR starts to 
increase to about 100 A/© yr _1 due to the tidal torques, 
but the enhanced effect of the SFR is relatively weak 
compared to the latter coalescence phase. The timescale 
of this phase is about several million years. The AGN 



activity in this phase is relatively low. These features are 
consistent with the properties of J1432+3358. 

A tight correlation between the stellar mass (M ste u ar ) 
and SFR (main sequence) in normal star forming galaxies 
has b een found in both local and high-redshift universe 
(e.g., IDaddi etaH l2"007). The mean value of the specific 
SFR (sSFR=SFR/M Bte iiar) is about 1.8 x lO" 9 yr" 1 in 
star-forming galaxies at z ~ 2 at the high stellar mass 
end (10 110 M©< M 8t eiiar <10 115 M Q ). The galaxies 
with sSFR greater than ~ 5.6 x 10~ 9 yr" 1 are considered 
to be off the main sequence and suggested to be merger - 
driven starburst galaxies (e.g., Rodighic ro et al.ll2011|) . 
The sSFR of J1432+3358 is 1.9 x 10" 9 yr" 1 , which would 
locate our galaxy right on the galaxy main sequence at 
z ~ 2. This result implies that the SFR in J1432+3359 is 
not enhanced by the merger process, which is also consis- 
tent that this system is in the early phase of the merger 
process. However, above conclusion is based on the SED 
fitting results which are subject to large systematic un- 
certainty as discussed in Section 3.3. Therefore, further 
high resolution space-based imaging and ground-based 
IFU observations will be requested to provide more firm 
evidence to distinguish whether J1432+3358 is a major 
merger or a clumpy disk galaxy. 

The outflow properties of J1432+3358 can be stud- 
ied an d compared to the typical LBGs. ISteidel et al.l 
(2010) does not find a correlation between the SFR and 
the velocity of the wind in the UV-selected galaxies at 
z ~ 2, which is fo und in other high-redshift galaxies 
(|Weiner et al.ll2009D. One interpretat ion is that the SFR 
dynamic range in lSteidel et al.l (|2010f) sample is too small 
to reveal the relation. With the SFR an order of mag- 
nitude higher than typical z ~ 2 UV-selected galax- 
ies, J1432+3358 will provides enough dynamic range to 
check wether there exists correlation between the SFR 
and outflow velocity. Comparing J1432+3358 to the typ- 
ical z ~ 2 UV-selected galaxies (jSteidel et al.ll2010h . we 
do find that the outflow velocity inc reases with SFR, an d 
roughly follows the relation found in lWeiner et al.1 {2009) , 
v out txSFR 03 . 
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